Thermotoga neapolitana is a hyperthermophilic bacterium whose phylogenetic lineage includes the most primitive of the bacterial heterotrophs. It is not known whether Thermotoga exhibits preferences for growth substrates or regulates the synthesis of degradative enzymes. We have found that T. neapolitana exhibits diauxic growth in medium containing 300 pM glucose and 1 mM lactose. We measured the activity of &galactosidase and /?-glucosidase in extracts prepared from cells grown on defined media and found that cells grown on 0 5 O/ O lactose, galactose or cellobiose contained /?-galactosidase specific activities of 1.19, 1.78 and 1.34 U (mg protein)-l, respectively. Cells grown on 0*5% glucose, maltose, fructose, sucrose, xylose, ribose or starch had no measurable Pgalactosidase activity. &Glucosidase activity was found only in cells grown on cellobiose. Cells grown on the combination of 0 5 % lactose or galactose and 0 0 5 O/ O glucose had no detectable j9-galactosidase activity, whereas up to 0 5 % glucose did not prevent expression of &galactosidase or Bglucosidase activity in cells induced with 0.5 O/ o cellobiose. These activities are catalysed by separate enzymes as determined by resolution of their activities on 6 O/ o native polyacrylamide gels. Therefore, only p-galactosidase synthesis induced by lactose is subject to catabolite repression. To determine the mechanism of catabolite repression, the levels of CAMP were measured in T. neapolitana cells grown on various defined media using an enzymeimmunoassay. The cAMP levels ranged from 4 4 to 280 fmol (mg protein)-' irrespective of the carbon source used. By comparison, Escherichia coli grown on lactose contained 5.1 pmol (mg protein)-l. Like Gram-positive bacteria, T. neapolitana displays a CAMP-independent mechanism for catabolite repression and this may represent the more ancient mode of regulation.
INTRODUCTION
Tbermotoga neapolitana is a Gram-negative anaerobic bacterium that has been isolated from submarine hot springs and continental solfataric springs (Belkin e t al., 1986 ; Windberger e t al., 1989) . It is a hyperthermophile, growing at temperatures up to 90 "C. Because it is the only hyperthermophile able to grow on defined media using a number of polysaccharides and simple sugars as sole carbon sources (Belkin e t al., 1986; Jannasch e t al., tPresent address: Department of Biology, College of the Holy Cross, Worcester, MA 01610, USA.
1988), it is uniquely suited to studies of the regulation of carbohydrate catabolism. As determined by 16s rRNA sequence comparisons, the genus Tbermotoga belongs to the second-deepest bacterial phylogenetic branch and includes the most primitive heterotrophs (Woese, 1987) . This early evolutionary divergence makes Tbermotoga an excellent benchmark organism for comparative analyses within the bacterial domain as well as between the Archaea, Eukarya and Bacteria.
It is not known whether Tbermotoga prioritizes growth substrates or how it regulates the synthesis of degradative enzymes. One of the best studied systems of gene regulation in prokaryotes is the expression of genes IP: 54.70.40.11
On: Mon, 03 Dec 2018 13:21:40 M. V A R G A S a n d K. M. N O L L involved in lactose utilization. In the 1940s, Jacques Monod discovered that the presence of glucose in the growth medium inhibits the synthesis of p-galactosidase, termed the 'glucose effect' (Monod, 1947) and later catabolite repression (Beckwith, 1987) . This phenomenon has been examined most extensively in Escbericbia coli and related organisms. The best example involves diauxic growth in media containing glucose and lactose, where glucose is utilized first, followed by a short lag period and growth on lactose. This regulation is, in part, due to a positive regulatory mechanism in which the catabolite repressor protein/cAMP complex binds to a specific site in the promoter region of the lactose operon, increasing its expression (Botsford & Harman, 1992; Beckwith, 1987; Magasanik & Neidhardt, 1987) . This type of regulation, however, is not universal among prokaryotes. None of the Gram-positive bacteria studied thus far use cAMP in the regulation of p-galactosidase (Chambliss, 1993) . Gram-postive and Gram-negative bacteria belong to different phylogenetic lineages, raising the question of which mode of regulation is evolutionarily more ancient. Examining p-galactosidase regulation in an early branching bacterium such as T. neapolitana allows us to determine whether CAMP-dependent or CAMP-independent regulation appeared first in the bacterial domain.
In this communication, we present the first evidence for catabolite repression in a hyperthermophilic bacterium.
We show that T. neapolitana is able to regulate pgalactosidase synthesis and exhibit diauxic growth in media containing glucose and lactose. We found that different sugars affect p-galactosidase expression differently. Finally, we present data showing that cAMP does not appear to be involved in p-galactosidase regulation, as found in Gram-positive bacteria. The phylogenetic position of this bacterium suggests that CAMPindependent regulation is the ancestral mode of regulation for induction of p-galactosidase synthesis.
METHODS
Culture conditions. T. neapolitana NS-E was cultured in defined TB medium (TB medium without yeast extract, supplemented with a vitamin mixture, 0.5 YO, w/v, cystine and 0.5 %, w/v, carbohydrate) as described previously by Childers et al. (1992) . Briefly, the medium was dispensed into serum or Wheaton media bottles (for larger culture volumes), heated in a steam box and sealed. The atmospheres of the containers were exchanged five times with oxygen-free nitrogen while the medium was still hot. The culture tubes and serum bottles were pressurized to 100 kPa and sterilized by autoclaving. Prior to inoculation, carbohydrates were added to the media from a 20 % (w/v) filtersterilized anaerobic stock solution. Inocula were 1-2 YO (. / . ).
The cultures were incubated at 77 "C for 17 h (unless otherwise noted). E. coli K12 was grown on M9 salts (Sambrook et al., 1989) with 0.5 YO (w/v) carbohydrate at 37 "C for 7 h.
Cultures were cooled at room temperature and the cells were harvested by centrifugation and washed twice in 30 ml Tbermotoga diluent (Childers et al., 1992) or saline ( E . colz]. Cell extracts were prepared by lysing 1 ml cells using a Branson sonifier with the output control setting at 2 and the pulse control at 50% for 1-2 min. Whole cells and cell debris were removed from the extracts by centrifugation at 12000 g. Enzyme assays. Triplicate 100 ml cultures of T. neapolitana grown in 100 ml defined media containing 0.5 YO (w/v) glucose, lactose, cellobiose, sucrose, maltose, fructose, xylose, ribose, galactose, starch or a mixture of 0.5 YO (w/v) lactose and 0.05 YO (w/v) glucose were used to determine the enzyme activities in cell-free extracts. P-Galactosidase and P-glucosidase activities were measured using ONPG and o-nitrophenyl P-D-glucopyranoside (Sigma) as substrates essentially as described by Sambrook et al. (1 989) . The reaction was carried out at 77 "C for 5-10 min using 8-30 pg cell-free extracts. A reaction mixture without extract was used to measure hydrolysis of the substrate at the elevated temperature. Reaction rates were corrected for this value. Discontinuous measurements of activity (within the linear range of the assay) were made using different volumes of cell extracts to determine the specific activities. One unit was defined as pmol product formed min-' and the specific activity was calculated as U (mg protein)-'. The method described by Bradford (1976) was used to measure the protein content of the cell extracts. Enzyme activity in native polyacrylamide gels. Cell-free extracts prepared from cells grown in defined glucose, lactose or cellobiose media were resolved using 6 % (w/v) native PAGE as described elsewhere (Sambrook e t al., 1989) . Triplicate lanes of one gel were each loaded with 30 pg protein. After electrophoresis, the gel was cut in three sections and washed three times with 0.1 M sodium phosphate buffer (pH 7). Two sections were incubated at 77 "C in 10 ml of the same buffer containing either X-Gal or 5-bromo-4-chloro-3-indolyl p-Dglucopyranoside (0.5 mg ml-l) for 10-20 min. A blue band appeared in lanes containing extracts prepared from cells grown in a carbon source that induced the enzyme's synthesis. The third gel section was stained for protein with Coomassie brilliant blue. CAMP measurements. T. neapolitana grown in 1 1 defined medium containing 0.5 YO (w/v) glucose, lactose, cellobiose, sucrose, maltose, fructose, xylose, ribose, galactose, starch, yeast extract or a mixture of 0.5% (w/v) lactose and 0-05Y0 (w/v) glucose was used to prepare cell-free extracts. A 100 ml culture of E. coli grown in M9 medium supplemented with 0.5 YO (w/v) of either lactose or glucose served as positive and negative controls, respectively. A 100 p1 aliquot of each extract was saved and used for protein determinations. The cAMP concentrations were measured using an enzyme-immunoassay kit (Amersham International) following extraction from cellfree extracts as recommended by the manufacturer. Briefly, proteins were precipitated from the sonicates with 10 YO (w/v) trichloroacetic acid (TCA). Excess TCA was removed from the supernatant by four extractions with 5 vols each of watersaturated diethyl ether followed by lyophilization. The sample was resuspended in assay buffer (0.05 M acetate buffer, pH 5.8, 0.02 %, w/v, BSA and 0.005 YO, w/v, thimerosal) prior to cAMP measurements. As an internal control, 4.5 pmol or 100 fmol cAMP was added to one cell-free extract prior to the TCA precipitation step to evaluate the efficiency of cAMP recovery (typically 61 YO).
Growth rates and carbohydrate utilization. A 10 ml culture of T. neapolitana grown in TB medium containing 1 mM glucose was used to inoculate replicates of 100 ml TB medium lacking resazurin and supplemented with either 300 pM glucose, 1 mM lactose, 300 pM glucose and 1 mM lactose or no carbohydrate. The cultures were incubated at 77 "C and 1 ml was removed periodically using strict anaerobic technique. The growth rate was monitored by recording the OD,,, with a Spectronic 20D spectrophotometer. The samples were then centrifuged for 10 min at 12000g and the supernatants were stored at -20 "C until carbohydrate determinations were made. 
Catabolite repression in Thermotoga neapolitana
The glucose concentrations in the samples were measured enzymicall y using the coupled hexokinase/glucose-6-phosphate dehydrogenase assay described by Chaplin (1 986) modified as follows. The assay buffer contained 0-05 M triethylamine buffer (pH 7.5), 4 mM MgCl,, 726 pM ATP, 523 pM NADP, 28 U hexokinase ml-' and 14 U glucose-6-phosphate dehydrogenase ml-'. The reaction was started by mixing 0.1 ml sample with 1 ml assay buffer pre-warmed to the assay temperature of 37 "C followed by incubation for 30 min. The amount of NADPH produced (directly proportional to the glucose concentration) was monitored at 340 nm. The glucose concentration was calculated using a standard curve, linear at glucose concentrations ranging from 44 pM to 1 mM. The lactose content was determined after addition of 14 U P-galactosidase to the samples and incubation for another 1.5 h at 37 "C.
RESULTS

/?-Galactosidase and /?-glucosidase activities in cell extracts
The enzyme activities for P-galactosidase and P-glucosidase in T. neapolitana grown in defined media are summarized in Table 1 . Lactose, galactose and cellobiose induced P-galactosidase specific activities of 1.1 9, 1.78 and 1-34 U (mg protein)-', respectively. In contrast, cells grown on glucose, maltose, fructose, sucrose, xylose, ribose or starch had no detectable P-galactosidase activity. Gabelsberger et al. (1993) have cloned and expressed the P-glucosidase gene from Thermotoga maritima in E. coli and found it also has P-galactosidase activity. We therefore measured the P-glucosidase activity in these extracts.
Cellobiose was the only carbon source tested that induced p-glucosidase activity, yielding a specific activity of 1-63 U (mg protein)-'. Thus, T. neapolitana possesses either one P-galactosidase and a bifunctional carbohydrase or a pglucosidase and one or more P-galactosidases that are differentially regulated. 
Electrophoretic resolution of enzyme activity
To differentiate between these possibilities, the activities were resolved by native PAGE. The cell-free extracts of T. neapolitana grown in defined cellobiose, glucose or lactose media were separated on native polyacrylamide gels and stained for p-galactosidase or p-glucosidase activity. The results are shown in Fig. 1 . The p- Table 7 
. Induction of P-galactosidase and P-glucosidase in T. neapolitana
Cells were grown in defined media containing 0.5 % carbohydrate, except in experiments using two carbon sources (lactose, galactose or cellobiose and glucose), where the glucose concentration was 0.05 YO. Cells were grown for 17 h, except with lactose and galactose, which were incubated for 36 h.
The values are means of three determinations (each performed in duplicate) &the standard error of the means. galactosidase activity was high in lactose- (Fig. la, lane 3) and cellobiose-grown cells (Fig. la, lane 1) . The glucosegrown cells (lane 2) showed weak P-galactosidase activity, suggesting that X-Gal is a more sensitive indicator of activity than ONPG, used in the experiments for Table 1 .
Carbon source
Specific activities [U (mg protein)-'] /I-Galactosidase j3-Glucosidase
In addition, only cellobiose-grown cells contained Pglucosidase activity (Fig. l b , lane l) , consistent with the data in Table 1 . The enzyme activities corresponding to P-galactosidase and P-glucosidase localized to different areas of the gel. These results exclude the possibility that a bifunctional carbohydrase accounts for both activities in cellobiose-grown cells.
Catabolite repression of b-galactosidase activity
We further explored the regulation of these enzymic activities by growing cells in the presence of two carbon sources (Table 1) Cells grown with lactose in combination with other sugars showed varying levels of P-galactosidase activity. Growth with both 0.5% (w/v) lactose and 0.5% (w/v) sucrose allowed full expression of P-galactosidase activity [1.1 U (mg protein)-']. Preliminary studies have shown that xylose, maltose and fructose decrease P-galactosidase activities in cells grown with these sugars and lactose (data not shown). When presented as sole carbon sources, growth rates were highest with starch, maltose, glucose, cellobiose, fructose and sucrose, lower with xylose and ribose and lower still with lactose and galactose. Fig. 2(b) shows a typical growth curve for T. neapolitana in a complex medium containing 300 pM glucose and 1 mM lactose (in this experiment the inoculum was grown on 1 mM glucose). There was an immediate increase in the number of cells during the first 10 h of incubation, coinciding with a sharp decrease in the glucose concentration in the medium. This growth rate was nearly identical to the rate of growth in medium containing glucose alone ( Fig. 2a ). After the glucose in the medium was consumed, the cells stopped growing for 6 h. This lag period was followed by a second growth phase at the same time the lactose was consumed (Fig. 2b) .
We measured the P-galactosidase activity in cells harvested after 8 and 48 h of incubation. Cells grown on 300 pM glucose or 300 pM glucose and 1 mM lactose for 8 h had no detectable P-galactosidase activity. However, at 48 h, we measured 0-76 U (mg protein)-' P-galactosidase activity in cells growing on 300 pM glucose and 1 mM lactose, which corresponds to the second (lactose) growth phase. This induction pattern of P-galactosidase activity, diauxic growth on lactose and glucose and the mixed carbohydrate substrate experiments show that T.
neapolitana is able to prioritize carbon sources, exhibiting catabolite repression.
cAMP measurements
We measured the cAMP concentration within cells to determine if it plays a role in catabolite repression. E. coli and Gram-positive organisms differ in how pgalactosidase synthesis is regulated. In E. coli and related organisms, a positive regulation exists that is mediated by high levels of cAMP produced in the absence of glucose (Beckwith, 1987) . cAMP is part of a global regulatory network that increases expression of a number of operons, including the lactose operon (Magasanik & Neidhardt, 1987) . In addition to these regulatory mechanisms, the presence of glucose prevents lactose uptake, called inducer exclusion (Postma e t al., 1993) . Gram-positive bacteria lack the positive regulatory aspect of E. coli pgalactosidase regulation, i.e. cAMP does not play a role (Chambliss, 1993) . Glucose repression is attributed to inducer exclusion and/or inducer expulsion, where lactose is ejected from the cells. In both cases the inducer is prevented from interacting with the bound repressor thereby preventing expression of the lactose operon.
Although T. neapolitana is a Gram-negative bacterium, pgalactosidase regulation appears to be more similar to that of Gram-positive bacteria. This type of regulation may also be present in E. coli since an uncharacterized CAMPindependent mechanism has been observed (Magasani k & Neidhardt, 1987) . Failure of glucose to inhibit cellobioseinduced P-galactosidase suggests that T. neapolitana may rely on inducer exclusion and/or expulsion to mediate catabolite repression. Therefore, in the presence of glucose, lactose and/or galactose, but not cellobiose, may be prevented from entering cells and/or ejected from the cells. We are currently investigating whether these physiological processes take place in T. neapolitana.
Our data do not rule out the possibility of there being two p-galactosidases in T. neapolitana. If there are two, they are indistinguishable by native PAGE. Further, each is differentially regulated by lactose and cellobiose, but both are CAMP-independent. Two P-glucosidase activities were found in the Thermotoga sp. strain FjSS3-B.l (Ruttersmith & Daniel, 1993) . One was purified and did not have pgalactosidase activity and the second was not characterized. In T. maritima, /I-galactosidase activity is found in both a Lad-like P-galactosidase and a broad-specificity pglucosidase (Gabelsberger e t al., 1993) . We have not observed the latter activity in T. neapolitana. Recently, Bok e t al.
(1 995) reported the purification of two p-glucosidases induced by cellobiose in T. neapolitana. However, they do not report whether they have p-galactosidase activity. To determine the number of p-galactosidase activities present in T. neapolitana, further characterization of the two inducible activities will be necessary.
The genus Thermotoga belongs to one of the deepest phylogenetic branches within the Bacteria and represents the earliest lineage of bacterial heterotrophs. Therefore, it is a good subject for comparative analyses that can be used to increase our understanding of how regulatory mechanisms evolved. Since the mechanism of induction for lactose utilization in T. neapolitana and Gram-positive bacteria is CAMP-independent, the involvement of CAMP in the induction of ,&galactosidase synthesis may be a more recent development in the evolution of catabolic regulation.
